Introduction
============

Cervical cancer (CC) remains one of the most frequent female malignancies worldwide, especially in the developing countries.[@b1-ott-11-1245] Although patients in early stage could be cured by surgery, the prognosis for the patients in advanced stage who are commonly treated with radiotherapy or cisplatin-based chemoradiotherapy is still poor.[@b2-ott-11-1245],[@b3-ott-11-1245] Both ionizing radiation (IR) and cisplatin work by inducing DNA damage;[@b4-ott-11-1245],[@b5-ott-11-1245] double-stranded DNA breaks (DSBs) are among the most toxic form.[@b6-ott-11-1245] Following induction of DSBs, several DNA damage response (DDR) pathways will be activated. The two major DSB repair pathways are non-homologous end joining (NHEJ) and homologous recombination (HR).[@b4-ott-11-1245],[@b6-ott-11-1245] NHEJ is generally considered as an error-prone repair pathway that is predominantly responsible for DSB repair during G0, G1 and early S phases, whereas HR is an error-free pathway that occurs only in the late S and G2 phases of the cell cycle.[@b7-ott-11-1245]--[@b9-ott-11-1245] RAD51 is a protein that plays a central role in the homologous recombination repair (HRR) pathway.[@b10-ott-11-1245] The elevated expression of RAD51 has been reported in different cancer types including CC and is associated with poor prognosis of patients,[@b11-ott-11-1245]--[@b13-ott-11-1245] which may result from the increase in genomic instability and radiation/chemotherapy resistance.[@b14-ott-11-1245],[@b15-ott-11-1245]

EGFR is a cell surface tyrosine kinase receptor belonging to the ErbB family, and the signaling downstream pathways play vital roles in regulating cellular survival, proliferation, metastasis and angiogenesis.[@b16-ott-11-1245],[@b17-ott-11-1245] A handful of studies have demonstrated its role in modulating DDR, and agents inhibiting EGFR signaling have been proven as effective radiation and chemotherapy sensitizers.[@b18-ott-11-1245]--[@b21-ott-11-1245] However, results of EGFR-targeted agents plus chemo- and/or radiation combination therapy are confusing when applied in CC.[@b22-ott-11-1245]--[@b24-ott-11-1245] Therefore, further studies of these combinations and seeking other predictive biomarkers as integral components are warranted.

Icotinib hydrochloride (IH), as a new first-generation oral EGFR tyrosine kinase inhibitor (TKI), was developed and patented by Zhejiang Beta Pharma Co., Ltd. (Hangzhou, China). It has shown positive antitumor activities both in vivo and in vitro[@b25-ott-11-1245],[@b26-ott-11-1245] and was approved by the State Food and Drug Administration (SFDA) of China in 2011 for advanced non-small-cell lung cancer (NSCLC) patients.[@b27-ott-11-1245] A randomized, double-blind Phase III study showed that IH was not inferior compared to gefitinib in terms of efficacy, while it had a lower proportion of drug-related adverse events.[@b28-ott-11-1245] However, it is still not clear whether combining IH with chemotherapy or radiotherapy can be effective in advanced CC. This study not only evaluated the therapeutic efficacy of this combination in vitro but also clarified the potential underlying mechanism that IH could suppress EGFR signaling activation and attenuate RAD51 expression and nuclear foci formation induced by irradiation or cisplatin, therefore suggesting a potential clinical application for CC.

Materials and methods
=====================

Cell lines and culture
----------------------

The human CC cell lines Hela S3 and SiHa were purchased from Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China), and the cells were maintained in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) or DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 100 mg/mL penicillin/streptomycin (Solarbio, Beijing, China) at 37°C in a humidified atmosphere with 5% CO~2~. IH was kindly provided by Zhejiang Beta Pharma Co., Ltd. and dissolved in 100% dimethyl sulfoxide (DMSO) (Solarbio) to a final concentration of 50 μM and stored at −20°C.

Cell Counting Kit-8 (CCK-8) assay
---------------------------------

Cells were seeded in 96-well cell culture plates at a density of 5×10^3^ cells/well and incubated in 100 μL of RPMI 1640 medium overnight. On the following day, different concentrations of IH or DMSO were added 2 hours before irradiation (0, 2, 4 and 6 Gy) with 6 MV X-rays generated by a linear accelerator (Siemens, Erlangen, Germany) or cisplatin (0, 1, 2 and 4 μg/mL) (Hospira, Mulgrave, Australia) treatment. For cell viability at the indicated time point, 10 μL of CCK-8 reagent (Dojindo Laboratories, Kumamoto, Japan) was added into each well, and the cells were incubated at 37°C for 2.5 hours. Optical density (OD) values were measured according to the absorbance at 450 nm using a microplate reader (Thermo Fisher Scientific).

Flow cytometry analysis
-----------------------

For cell cycle analysis, 24 hours after exposure to IH (5 μM), radiation (6 Gy), cisplatin (1.5 μg/mL), IH--radiation or IH--cisplatin combination treatment, the cells were harvested and washed twice with ice-cold PBS. After being fixed in 70% cold ethanol for 4 hours, the cells were stained with propidium iodide in the presence of RNase A at 37°C for 30 minutes. The stained cells were then subjected to analysis with a flow cytometer (BD Biosciences, San Jose, CA, USA), and the results of the cell cycle distribution were analyzed by ModFit LT software.

Flow cytometry analysis for apoptosis was performed using the Annexin V-APC/7-AAD apoptosis kit (Multi-Sciences, Shanghai, China) according to the manufacturer's protocol. Data were analyzed with FlowJo vX 0.7 software.

Western blotting
----------------

Cells were harvested and lysed in RIPA buffer (Beyotime, Haimen, China) for total protein extraction, and cellular cytoplasmic and nuclear fractions were obtained by using the Nuclear and Cytoplasmic Protein Extraction kit (Beyotime) according to the manufacturer's instructions. After being quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and boiled for 10 minutes in loading buffer containing SDS, proteins were separated via SDS PAGE and subjected to Western blotting. The membrane was detected by using the following primary antibodies: antiphospho-EGFR (Y1068), anti-EGFR, antiphospho-AKT (S473), anti-AKT, antiphospho-ERK1/2 (Y204) and anti-ERK1/2, which were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA); anti-RAD51, anti-β-tubulin, anti-LaminB1 and anti-β-actin which

Colony forming assay
--------------------

Cells were seeded in 25 mm culture dishes and allowed to adhere overnight. Then, the cells were incubated with 5 μM IH for 2 hours followed by exposure to 2 Gy irradiation or 0.25 μg/mL cisplatin. The cells were further cultured for 10--14 days, and then stained with 0.5% crystal violet in methanol.

Immunofluorescence staining
---------------------------

Cells were seeded on coverslips and treated with 5 μM IH for 2 hours followed by exposure to IR (6 Gy) or cisplatin (1.5 μg/mL). After 24 hours, the cells were fixed using 4% paraformaldehyde for 15 minutes at room temperature and subsequently permeabilized with 0.3% Triton solution for 20 minutes. After being blocked with 5% BSA, the coverslips were stained with anti-γ-H2AX (Ser139) or anti-RAD51 antibodies (Abcam) at a dilution of 1:500 in phosphate buffered saline with Tween 20 (PBST) buffer overnight at 4°C. The cells were then washed three times with PBST, followed by incubation with Alexa Fluor^®^ dye-conjugated secondary antibody (Abcam) for 2 hours at room temperature. Cell nuclei were counterstained with DAPI and visualized using an Axiovert 200M inverted microscope (Zeiss, Oberkochen, Germany).

RNA isolation and quantitative reverse transcription polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------------------------

Total RNAs from cell lines were extracted using the RNAiso plus Reagent (Takara, Dalian, China) and reverse transcribed using the PrimeScript^®^ RT reagent kit containing gDNA eRaser (Takara). Then, qRT-PCR was performed using the SYBR^®^ PremixDimer Eraser kit (Takara). The primer sequences used for specific gene amplification were as follows: RAD51 primer: Forward -- CAGTGATGTCCTGGATAATGTAGCReverse -- TTACCACTGCTACACCAAACTCATEGFR primer: Forward -- AGGCACGAGTAACAAGCTCACReverse -- ATGAGGACATAACCAGCCACCGAPDH primer: Forward -- TGCACCACCAACTGCTTAGReverse -- AGAGGCAGGGATGATGTTC.

Statistical analysis
--------------------

Statistical analysis was performed with SPSS software. All results are expressed as mean ± SD, and *P*\<0.05 indicates significance.

Results
=======

IH enhances cisplatin- or radiation-induced proliferation inhibition in Hela S3 cells
-------------------------------------------------------------------------------------

In order to identify the proliferation inhibitory effect of different treatments on human CC cells, Hela S3 cells were chosen, grouped and incubated with IH at final concentrations of 0, 2.5, 5, 10 and 20 μmol/L for 2 hours, and then treated with 0, 2, 4 and 6 Gy radiation or 0, 1, 2 and 4 μg/mL cisplatin, respectively. After further culturing for 24 hours, the CCK-8 assay was carried out to detect the cell viability. The results demonstrated that IH inhibited the viability of Hela S3 cells in a concentration-dependent manner, and this suppression effect on proliferation was more obvious when combined with irradiation or cisplatin ([Figure 1A and B](#f1-ott-11-1245){ref-type="fig"}). The viability of Hela S3 cells separately in the following 72 hours after monotherapy or combination therapy was examined. Compared with the control group, the radiation alone group did not show notable inhibitory effect on cell viability until 72 hours after treatment, while in the combined group, the cell growth rates were significantly decreased from the second day and became more obvious at the third day after treatment ([Figure 1C](#f1-ott-11-1245){ref-type="fig"}). Besides, 2 μg/mL of cisplatin strongly suppressed cell proliferation in the following 48 hours after treatment, and when combined with IH, the Hela S3 cells totally stopped growing and even cell death appeared in the following 72 hours after treatment ([Figure 1D](#f1-ott-11-1245){ref-type="fig"}). The proliferation inhibitory effect of IH on the basis of differences in viability of another type of human CC cell line, SiHa, in the following 72 hours, after different treatments, was further confirmed. The IH--IR or IH--cisplatin combination treatment, compared with IR or cisplatin alone, significantly suppressed the proliferation of SiHa cells ([Figure S1A](#SD1-ott-11-1245){ref-type="supplementary-material"}). Together, our results suggested that combining IH with chemotherapy or radiotherapy had more significant antiproliferative effect.

Effect of IH on irradiation- or cisplatin-induced cell cycle arrest
-------------------------------------------------------------------

The influence of IH on cell cycle distribution in vitro was measured via flow cytometry ([Figure 2](#f2-ott-11-1245){ref-type="fig"}). The Hela S3 cells treated with IH alone showed an increase in population in the G0/G1 phase compared with the control group (*P*\<0.01). Radiation alone induced G2/M phase arrest in the Hela S3 cells, and when combined with IH, the G2/M phase arrest was significantly prolonged (29.91%±0.17% vs 23.31%±1.48%, *P*\<0.01) ([Figure 2A and C](#f2-ott-11-1245){ref-type="fig"}). Additionally, the combined treatment of IH and cisplatin significantly increased the percentage of Hela S3 cells in the G0/G1 phase compared with cisplatin alone (23.01%±0.95% vs 15.67%±1.09%, *P*\<0.01) ([Figure 2B and D](#f2-ott-11-1245){ref-type="fig"}). Although no significant differences were observed, IH pretreatment also prolonged IR-induced G2/M phase arrest and cisplatin-induced S phase arrest in SiHa cells ([Figure S1B](#SD1-ott-11-1245){ref-type="supplementary-material"}). In aggregate, the results of this study suggested that IH treatment could lead to cell cycle redistribution and therefore inhibit cell proliferation and improve the efficacy of radiotherapy and chemotherapy.

Effect of IH on cell apoptosis following irradiation or cisplatin treatment
---------------------------------------------------------------------------

Whether IH increased IR- or cisplatin-induced apoptosis in Hela S3 cells was evaluated next. The apoptotic rate of the IH plus radiation combination group was 16.34%±2.15%, while it was 9.44%±0.17% in the radiation monotherapy group (*P*\<0.05, [Figure 3A and C](#f3-ott-11-1245){ref-type="fig"}). For cells in the cisplatin monotherapy group, the apoptotic rate was 23.86%±0.36%, while it increased to 38.70%±0.94% with IH pretreatment (*P*\<0.01, [Figure 3B and D](#f3-ott-11-1245){ref-type="fig"}). Significant differences were observed between the combined group and the monotherapy group (*P*\<0.05, [Figure 3](#f3-ott-11-1245){ref-type="fig"}). Similar results were obtained in SiHa cells as the combination group showed higher apoptotic rates than irradiation alone or cisplatin monotherapy groups (26.45%±1.09% vs 22.08%±0.83% and 18.96%±0.95% vs 11.64%±0.52%, respectively) (*P*\<0.05, [Figure S1C](#SD1-ott-11-1245){ref-type="supplementary-material"}). Collectively, IH--radiation or IH--cisplatin combination treatment significantly augmented the apoptosis of CC cells compared with monotherapy.

IH inhibits the EGFR signaling pathway in Hela S3 cells
-------------------------------------------------------

To investigate in depth the biological function of IH, the phosphorylation levels of EGFR and its downstream signaling molecules, including AKT and ERK, in the Hela S3 cells after pretreatment with IH followed by irradiation or cisplatin exposure, were examined ([Figure 4](#f4-ott-11-1245){ref-type="fig"}). The data showed that both radiation and cisplatin treatments significantly induced high phosphorylation levels of EGFR at the Y1068 residue in Hela S3 cells, as compared with the remaining three groups. IH pretreatment not only inhibited radiotherapy- or chemotherapy-activated phosphorylation of EGFR (Y1068) but also strongly diminished the phosphorylation of the downstream molecules AKT (S473) and ERK (Y204). These results demonstrated the potent inhibitory effect of IH on the EGFR signaling pathway.

Radiation and chemotherapy sensitization of IH by delaying DNAdamage repair progress
------------------------------------------------------------------------------------

To further clarify the sensitization of IH to chemotherapy and radiotherapy, colony formation assays were performed, which reflected the long-term biological effects of treatment. The present results confirmed the sensitization effect of IH to chemo/radiotherapy as the combined group grew a lesser number and smaller size of clones at 2 weeks after treatment compared with the monotherapy groups ([Figures 5A](#f5-ott-11-1245){ref-type="fig"} and [S1D](#SD1-ott-11-1245){ref-type="supplementary-material"}). DNA damage repair efficiency after irradiation or cisplatin exposure was measured using γ-H2AX foci formation assays ([Figures 5B and C](#f5-ott-11-1245){ref-type="fig"}, [S1E and F](#SD1-ott-11-1245){ref-type="supplementary-material"}). The γ-H2AX foci number reflected DNA damage initiation and resolution in irradiation- or cisplatin-treated cells. Pretreatment with IH significantly increased the number of γ-H2AX foci positive cells (cells with five or more γ-H2AX foci) 24 hours after exposure to irradiation or cisplatin ([Figures 5D](#f5-ott-11-1245){ref-type="fig"} and [S1G](#SD1-ott-11-1245){ref-type="supplementary-material"}), suggesting that the combined treatment delayed DNA damage repair and improved the efficacy of chemo- and radiotherapy in CC cells.

IH attenuates chemotherapy- or radiotherapy-induced HR protein RAD51 upregulation and nuclear foci formation
------------------------------------------------------------------------------------------------------------

RAD51 recombinase is a key protein involved in DSB repair through HR. In this study, the data showed that, in response to DNA damage, the expressions of RAD51 were increased dramatically at both the transcriptional and translational levels in Hela S3 cells, whereas pretreatment with IH suppressed its upregulation significantly ([Figure 6A--D](#f6-ott-11-1245){ref-type="fig"}). According to previous studies, RAD51 was known to accumulate into subnuclear structures to form foci at the sites of ssDNA that were undergoing repair in response to DNA damage,[@b29-ott-11-1245] and therefore, RAD51 foci were commonly used as a specific measure of local HRR activity. Results of immunofluorescence staining revealed that the number of cells with more than five RAD51 foci remarkably decreased after IH pretreatment ([Figure 6E--G](#f6-ott-11-1245){ref-type="fig"}). The same results were obtained when detecting the RAD51 protein levels in nucleus and cytoplasm separately using Western blot assays ([Figure 6H](#f6-ott-11-1245){ref-type="fig"}). To further confirm this finding, the effects of IH on RAD51 protein expression and function in SiHa cells were analyzed. The present results indicated that IH could also significantly inhibit IR- or cisplatin-induced RAD51 upregulation ([Figure S1K and L](#SD1-ott-11-1245){ref-type="supplementary-material"}) as well as nuclear foci formation ([Figure S1H--J](#SD1-ott-11-1245){ref-type="supplementary-material"}) in SiHa cells. Taken together, the results of this study showed that the expression and function of RAD51 in CC cells were significantly diminished by pretreatment with IH.

Discussion
==========

Although EGFR is frequently overexpressed in CC,[@b30-ott-11-1245]--[@b32-ott-11-1245] and many research data so far, in vitro, have been extremely inspiring,[@b33-ott-11-1245],[@b34-ott-11-1245] the results are confusing when applying EGFR inhibitors into clinical trials.[@b22-ott-11-1245],[@b23-ott-11-1245],[@b35-ott-11-1245],[@b36-ott-11-1245] For example, no clinical responses were detected in a Phase II trial, which evaluated the efficacy and tolerability of cetuximab in persistent or recurrent carcinoma of the cervix.[@b24-ott-11-1245] However, a multicenter, Phase II trial by another research group about gefitinib treating patients with recurring locoregionally advanced or metastatic CC observed that 20% of the patients had stable disease.[@b22-ott-11-1245] Besides, another Phase II trial demonstrated that a combination of erlotinib and chemoradiotherapy was well tolerated and had promising activity in locally advanced CC, as 94.4% of the patients achieved a complete response (CR), the 2-year and 3-year overall survival (OS) rates were 91.7 and 80.6% and the progression-free survival (PFS) rates were 80 and 73.8%, respectively.[@b23-ott-11-1245]

It is well-known that EGFR is an important growth factor which binds to its ligand, phosphorylates the tyrosine kinase receptor and stimulates its downstream signaling pathways and therefore participates in the regulation of a number of physiological and pathological processes including cell proliferation.[@b17-ott-11-1245],[@b37-ott-11-1245] In this study, a significant proliferation inhibitory effect of IH was observed, especially when it was combined with radiation or cisplatin ([Figures 1](#f1-ott-11-1245){ref-type="fig"}, [5A](#f5-ott-11-1245){ref-type="fig"} and [S1A and D](#SD1-ott-11-1245){ref-type="supplementary-material"}). However, compared with Hela S3 cells, the impact of IH on the viability of SiHa cells was relatively minor ([Figure S1A](#SD1-ott-11-1245){ref-type="supplementary-material"}). Then, the protein and mRNA levels of EGFR between these two cell lines were analyzed, and the results revealed that SiHa cells expressed significantly lower levels of EGFR than Hela S3 cells ([Figure S2](#SD2-ott-11-1245){ref-type="supplementary-material"}). Therefore, it was hypothesized that the efficiency of proliferation inhibition of IH may in part be determined by the *EGFR* gene expression levels of CC cell lines.

DSBs are highly toxic lesions and lethal injury to the cell.[@b4-ott-11-1245],[@b38-ott-11-1245] While IR is one of the most common ways to induce DSBs,[@b8-ott-11-1245],[@b38-ott-11-1245] progressive accumulation of DNA lesions following cisplatin treatment could also result in the formation of DSBs.[@b39-ott-11-1245] Once DNA damage happens, the DDR system will be activated which is followed by either delaying the cell cycle progression to examine and repair the damage or inducing apoptosis to eliminate the cells.[@b40-ott-11-1245] Using flow cytometry, the impact of IH on cell cycle distribution and apoptosis was studied. We found that, for both Hela S3 and SiHa CC cells, IH treatment alone increased the number of cells in the G0/G1 phase, and when it was combined with radiotherapy, the proportion of cells in G2/M arrest was augmented ([Figure 2A and C](#f2-ott-11-1245){ref-type="fig"}, [Figure S1B](#SD1-ott-11-1245){ref-type="supplementary-material"}). However, opposite results were obtained in these two cell lines treated with IH plus cisplatin as IH pretreatment increased cisplatin-induced S phase arrest in SiHa cells but decreased the proportion of Hela S3 cells in the S phase after cisplatin exposure ([Figure 2B and D](#f2-ott-11-1245){ref-type="fig"}, [Figure S1B](#SD1-ott-11-1245){ref-type="supplementary-material"}). Although further studies are needed to clarify the underlying mechanism, the results of this study demonstrated that IH could cause CC cell cycle redistribution and facilitate the apoptosis induced by radiation or cisplatin ([Figures 2](#f2-ott-11-1245){ref-type="fig"}, [3](#f3-ott-11-1245){ref-type="fig"}, [S1B and S1C](#SD1-ott-11-1245){ref-type="supplementary-material"}).

In the presence of DSBs, histone H2AX rapidly posphorylated by ataxia telangiectasia mutated (ATM) on serine 139 and aggregates at the DSB, recruiting other DDR proteins and forming detectable foci.[@b41-ott-11-1245] Previous studies have demonstrated that γ-H2AX foci reflect the temporal and spatial distribution of DSB formation and will subsequently be abolished with the elimination of DNA damage.[@b42-ott-11-1245],[@b43-ott-11-1245] Therefore, visualization and quantification of γ-H2AX via immunofluorescence staining are commonly used ways to evaluate the cell damage repair efficiency. The results of this study showed that IH pretreatment significantly increased the intracellular γ-H2AX foci of Hela S3 and SiHa cells compared with the radiation group and the cisplatin alone group ([Figures 5B--D](#f5-ott-11-1245){ref-type="fig"} and [S1E--G](#SD1-ott-11-1245){ref-type="supplementary-material"}), which suggested that IH could enhance chemo- and radiotherapy sensitivity of CC cells by increasing DSBs and/or blocking DNA repair progression.

The activation of EGFR induced by irradiation or chemotherapeutic agents is associated with cancer cells escaping from death through modulating DDR.[@b19-ott-11-1245],[@b44-ott-11-1245],[@b45-ott-11-1245] Previous studies have demonstrated that EGFR nuclear translocation and interaction with DNA-PKcs resulted in stimulation of DNA-PK kinase activity following exposure to cisplatin or radiation.[@b19-ott-11-1245],[@b45-ott-11-1245] Inhibition of EGFR by cetuximab or gefitinib could therefore inhibit the repair of radiation-induced DSBs through impairing the EGFR--DNA--PKcs interaction.[@b46-ott-11-1245],[@b47-ott-11-1245] But we failed to observe the inhibitory effect of IH on EGFR nuclear accumulation in Hela S3 cells following irradiation ([Figure S3A](#SD3-ott-11-1245){ref-type="supplementary-material"}). In our previous study, we discovered that nimotuzumab, a humanized anti-EGFR monoclonal antibody, could decrease the phosphorylation of DNA repair-related proteins DNA-PKcs and ATM and regulate the RAD51 expression in human esophageal carcinoma cell line KYSE-150R.[@b48-ott-11-1245] In this study, however, the phosphorylation of DNA-PKcs and ATM induced by exposure to radiation was not diminished ([Figure S3B](#SD3-ott-11-1245){ref-type="supplementary-material"}), but the expression of RAD51 was significantly downregulated both in mRNA and protein levels by IH pretreatment in Hela S3 cells ([Figure 6A--D](#f6-ott-11-1245){ref-type="fig"}). Intriguingly, it was observed that RAD51 in the protein levels was reduced as early as 6 hours after exposure to radiation or cisplatin, while in the mRNA levels it decreased significantly in the following 48 hours after treatment. These results suggested that IH inhibited RAD51 expression not only through modulating *RAD51* gene transcription but also promoting RAD51 protein degradation. Notably, Chen et al[@b49-ott-11-1245] discovered previously that RAD51 expression was regulated by ERK activation. The expression of constitutively active MKK1/2 vectors (MKK1/2-CA) significantly rescued the reduced RAD51 levels on gefitinib treatment, and the blocking of ERK1/2 activation could lower RAD51 protein levels in emodin-treated H1650 and A549 cells. Given the strong inhibitory effect of IH on the EGFR pathway especially on the phosphorylation of ERK ([Figure 4](#f4-ott-11-1245){ref-type="fig"}), we therefore hypothesized that there might exist an EGFR-ERK-RAD51 axis and that IH regulates RAD51 levels indirectly by inhibiting EGFR activity. In addition, the immunofluorescence staining results ([Figures 6E--G](#f6-ott-11-1245){ref-type="fig"} and [S1H--J](#SD1-ott-11-1245){ref-type="supplementary-material"}) indicated that the recruitment of RAD51 to DNA damage foci induced by exposure to irradiation or cisplatin was also hampered when combined with IH. These results were confirmed by separating and detecting subcellular protein expressions using Western blot assays ([Figures 6H](#f6-ott-11-1245){ref-type="fig"} and [S1l](#SD1-ott-11-1245){ref-type="supplementary-material"}) as nuclear RAD51 was significantly decreased in the IH combination groups compared with radiation or cisplatin monotherapy groups.

Conclusion
==========

This study demonstrated that IH, an oral potent EGFR-TKI, could enhance the sensitivity of Hela S3 cells to chemo- and radiotherapy by efficiently inhibiting the EGFR downstream signaling pathway, delaying DNA damage repair and suppressing RAD51 upregulation and nuclear foci formation.

Our work suggested that IH is a potent clinical application option in radiotherapy and cisplatin-based chemotherapy for CC, and RAD51 may serve as a candidate biomarker for identifying patients who are most likely to benefit from this combination treatment.

Supplementary materials
=======================

###### 

Chemo- and radiotherapy sensitization effects and mechanism of icotinib hydrochloride against SiHa cells.

**Notes:** (**A**) Proliferation of SiHa cells in the following 72 hours after being treated with 5 μM IH plus 6 Gy radiation or 2 μg/mL cisplatin. (**B**) Results from flow cytometry showing cell cycle distribution of SiHa cells following different treatments. (**C**) The apoptotic rate represented as the percentage of Annexin V-FITC-positive cells. (**D**) Colony formation assay showing survival of SiHa cells after exposure to different treatments. (**E** and **F**) Immunofluorescence stain detecting IH plus radiation (**E**) or cisplatin (**F**) induced γ-H2AX foci in SiHa cells. (**G**) Quantification of the number of γ-H2AX foci-positive cells after treatment. (**H** and **I**) Immunofluorescence stain detecting different treatment-induced RAD51 foci in SiHa cells. (**J**) Quantification of the number of RAD51 foci-positive cells after treatment. (**K**) RAD51 protein levels were examined with Western blotting 24 hours post radiation or cisplatin treatment (top). Histograms show the relative protein expression levels in the cells by grayscale analysis (bottom). (**L**) RAD51 protein levels in nucleus and cytoplasm were determined separately using Western blot assays 24 hours after different treatments (top). Histograms indicate the relative RAD51 expression levels in the nucleus and cytoplasm by grayscale analysis (bottom). Error bars, SD. \**P*\<0.05 and \*\**P*\<0.01 by two-tailed Student's *t*-test; n=3 independent cell cultures.

**Abbreviations:** DMSO, dimethyl sulfoxide; Ctrl, control; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin; C, cytoplasmic fraction; N, nuclear fraction; h, hours.

###### 

Comparison of EGFR expression levels between Hela S3 and SiHa cells **Notes:** Results from qRT-PCR (**A**) and Western blotting (**B**) assays showing EGFR mRNA levels (**A**) and protein levels (**B**) in Hela S3 and SiHa cells. Error bars, SD. \*\**P*\<0.01 by two-tailed Student's *t*-test. All experiments were performed in triplicate.

**Abbreviation:** qRT-PCR, quantitative reverse transcription polymerase chain reaction.

###### 

Effects of IH on irradiation-induced nuclear translocation of EGFR and phosphorylation of DNA-PKcs and ATM.

**Notes:** Nuclear expressions of EGFR (**A**) and total DNA-PKcs, p-DNA-PKcs, total ATM, and p-ATM (**B**) in Hela S3 cells were examined using Western blotting 20 minutes after radiation with or without IH pretreatment. All experiments were performed in triplicate.

**Abbreviations:** IH, icotinib hydrochloride; IR, ionizing radiation; C, cytoplasmic fraction; N, nuclear fraction.
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![Icotinib hydrochloride enhances cisplatin- or radiation-induced proliferation inhibition in Hela S3 cells.\
**Notes:** (**A** and **B**) Viability of Hela S3 cells was measured by CCK-8 assay 24 hours after various doses of irradiation (**A**) or cisplatin (**B**) treatment following preincubation with different concentrations of IH for 2 hours. (**C** and **D**) Cell proliferation of Hela S3 cells in the following 72 hours after being treated with 5 μM IH plus 6 Gy radiation (**C**) or 2 μg/mL cisplatin (**D**). Error bars, SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by two-tailed Student's *t*-test; n=3 independent cell cultures.\
**Abbreviations:** Ctrl, control; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin; CCK-8, Cell Counting Kit-8; h, hours.](ott-11-1245Fig1){#f1-ott-11-1245}

![Effect of icotinib hydrochloride on irradiation- or cisplatin-induced cell cycle arrest.\
**Notes:** (**A** and **B**) Cell cycle distribution was determined by flow cytometry in Hela S3 cells following different treatments. (**C** and **D**) Histogram plots show the percentage of cells distributing in S, G1 and G2 phases, respectively. Error bars, SD.\
**Abbreviations:** Ctrl, control; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin.](ott-11-1245Fig2){#f2-ott-11-1245}

![Effect of icotinib hydrochloride on cell apoptosis following radiation or cisplatin treatment.\
**Notes:** (**A** and **B**) Cell apoptosis was determined by flow cytometry in Hela S3 cells following different treatments. (**C** and **D**) The apoptotic rate is represented as the percentage of Annexin V-FITC-positive cells. Error bars, SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by two-tailed Student's *t*-test; n=3 independent cell cultures.\
**Abbreviations:** Ctrl, control; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin.](ott-11-1245Fig3){#f3-ott-11-1245}

![Icotinib hydrochloride inhibits EGFR signaling pathway in Hela S3 cells.\
**Notes:** Total EGFR, p-EGFR, total AKT, p-AKT, total ERK and p-ERK were detected using Western blot assays in Hela S3 cells 2 hours after combination treatment of radiation (**A**) or cisplatin (**B**) with IH (top). Histograms indicate the relative protein expression levels in the cells by grayscale analysis (bottom). Error bars, SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by two-tailed Student's *t*-test; n=3 independent cell cultures.\
**Abbreviations:** Ctrl, control; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin.](ott-11-1245Fig4){#f4-ott-11-1245}

![Radiation and chemotherapy sensitization of icotinib hydrochloride by delaying DNA damage repair progress.\
**Notes:** (**A**) Survival of Hela S3 cells after exposure to different treatments was measured by colony formation assay. (**B** and **C**) Immunofluorescence stain detecting different treatment-induced γ-H2AX foci in Hela S3 cells. (**D**) Quantification of the number of γ-H2AX foci-positive cells after treatment. Error bars, SD. \*\**P*\<0.01 by two-tailed Student's *t*-test; n=3 independent cell cultures.\
**Abbreviations:** DMSO, dimethyl sulfoxide; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin.](ott-11-1245Fig5){#f5-ott-11-1245}

![Icotinib hydrochloride attenuates chemo- or radiotherapy-induced HR protein RAD51 upregulation and nuclear foci formation.\
**Notes:** RAD51 mRNA levels at indicated time points after exposure to irradiation (**A**) or cisplatin (**B**) were detected using qRT-PCR. (**C** and **D**) RAD51 protein levels were examined by Western blotting at indicated time points post radiation (**C**) or cisplatin (**D**) treatment (top). Histograms indicate the relative protein expression levels in the cells by grayscale analysis (bottom). (**E** and **F**) Immunofluorescence stain detecting different treatment-induced RAD51 foci in Hela S3 cells. (**G**) Quantification of the number of RAD51 foci-positive cells after treatment.(**H**) RAD51 protein levels in nucleus and cytoplasm were determined separately using Western blot assays (top). Histograms indicate the relative RAD51 expression levels in the nucleus and cytoplasm by grayscale analysis (bottom). Error bars, SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by two-tailed Student's *t*-test; n=3 independent cell cultures.\
**Abbreviations:** DMSO, dimethyl sulfoxide; qRT-PCR, quantitative reverse transcription polymerase chain reaction; HR, homologous recombination; h, hours; min, minutes; ns, non-significant; Ctrl, control; IH, icotinib hydrochloride; IR, ionizing radiation; Cis, cisplatin; C, cytoplasmic fraction; N, nuclear fraction.](ott-11-1245Fig6){#f6-ott-11-1245}
